Introduction {#s1}
============

In the process of tumor invasion, cancer cells leave the primary tumor either individually or collectively ([@bib13]). This process requires that cells exert physical forces onto the surrounding extracellular matrix ([@bib12]; [@bib27]). As cellular force generation and cell-matrix interactions are increasingly recognized as potential therapeutic targets against cancer cell invasion and metastasis ([@bib22]; [@bib5]), there is a need to quantify the forces that are collectively exerted by invading cancer cells under physiologically relevant conditions. In this work, we introduce a computationally and experimentally simple and reliable method that captures collective effects in tissue remodeling and thus facilitates screenings of potential force-targeting agents.

Numerous biophysical assays have been developed to quantify the traction forces of single cancer cells by measuring the deformations that a cell induces in linear elastic substrates (2D and 3D) with known stiffness ([@bib10]; [@bib3]; [@bib31]). This technique has since been extended to multicellular systems to study collective cell guidance by intercellular stresses in 2D cell monolayers ([@bib43]; [@bib45]). Likewise, intercellular stresses within 3D multicellular aggregates (so-called spheroids) have been studied by quantifying the deformation of small elastic beads that are embedded in the spheroids ([@bib11]).

All methods referenced above are based on linear elastic materials that exhibit a constant stiffness, independent of strain, so that the measured deformation is proportional to the corresponding force. To mimic the physiological condition of cells invading connective tissue in vitro, however, cells are typically cultured in non-linear biopolymer networks such as reconstituted collagen that stiffen significantly when extended ([@bib42]; [@bib34]) but soften when compressed ([@bib41]; [@bib34]). Considering these nonlinear material properties in a finite element approach allows for the quantification of the total contractility ([@bib19]) and the reconstruction of the three-dimensional traction force field around individual cells in a biopolymer network ([@bib41]).

Multicellular tumor spheroids embedded in collagen gels are - depending on cell type - able to contract the collagen fiber network, thereby exerting tensile forces in the matrix that in turn realign fiber bundles and facilitate cell invasion into the matrix ([@bib29]; [@bib28]; [@bib6]; [@bib20]; [@bib30]; [@bib25]; [@bib4]). Thus, multicellular tumor spheroids not only replicate the main structural and functional properties of solid tumors ([@bib35]), but can further serve as a model system for the mechanics of cancer invasion, including collective cellular force generation and tissue remodeling. However, current studies on the force generation of multicellular spheroids all use matrix deformation as a proxy for contractility, to avoid the complex problem of force reconstruction in non-linear materials ([@bib29]; [@bib6]; [@bib46]). This approach poses no problem when comparing spheroids of similar size and cell number. However, in the case of differently sized or differently dense spheroids, or for comparing the collective contractility of a spheroid to that of an individual cell, a more direct measurement in units of force rather than deformation is needed.

Force measurement on a spheroid poses two formidable problems. First, current 3D finite element force reconstruction methods that have been designed for single cells in a non-linear material such as collagen are computationally too slow for analyzing large (∼0.5 mm) tumor spheroids ([@bib41]). Second, measurements typically require a confocal microscope equipped with a high-resolution (NA 1.0 or higher) water dip-in long working distance objective to image the three-dimensional structure of the collagen fiber network using reflection microscopy ([@bib41]). The large scanning volume and associated scanning time would be prohibitive in the case of spheroids.

To overcome these technical challenges, we forgo subcellular force resolution and exploit the approximately spherical symmetry of tumor spheroids. Accordingly, it is sufficient to measure the far-field deformations of the surrounding collagen matrix from a single slice through the equatorial plane of the spheroid, thereby eliminating the need for high-resolution 3D imaging. To quantify matrix deformations over time, image acquisition can be performed with low resolution (4x-10x objective, NA 0.1) brightfield microscopy of micron-sized fiducial markers embedded in the collagen gel.

To relate the measured deformation field surrounding a spheroid to physical forces generated by the cells, we replicate the experiment in silico. Specifically, we simulate a contracting sphere within a bulk of collagen, which can be described by a non-linear material model that takes into account fiber buckling and strain stiffening. We apply this method to spheroids made from glioblastoma cell lines and primary breast cancer cells, as well as to patient-derived breast tumor tissue samples (so-called tumoroids).

Results {#s2}
=======

Collagen contractility assay {#s2-1}
----------------------------

We use two model systems to investigate the mechanics of tumor invasion: First, we use in vitro grown tumor spheroids that are generated by culturing suspended cells in non-adhesive U-shaped wells ([Figure 1a](#fig1){ref-type="fig"}). Second, we use patient-derived tumor tissue samples (tumoroids) with a size of 200--600 µm, similar to the size of the tumor spheroids in our study. Both spheroids and tumoroids are embedded in a 3D collagen matrix by suspending them in an un-polymerized solution of collagen with 1 µm fiducial marker beads ([Figure 1b,c](#fig1){ref-type="fig"}). After the collagen has polymerized, we track the ongoing cell force-induced deformations of the collagen matrix from brightfield time-lapse images (taken every 5--10 min) using particle image velocimetry ([@bib44]; [Figure 1---figure supplements 1](#fig1s1){ref-type="fig"} and [2](#fig1s2){ref-type="fig"}; [Video 1](#video1){ref-type="video"}). In general, we find that both spheroids and tumoroids induce an approximately radially symmetric, inward-directed deformation field with monotonically increasing absolute deformations over time ([Figure 1d--g](#fig1){ref-type="fig"}; [Videos 2](#video2){ref-type="video"}, [3](#video3){ref-type="video"}, [4](#video4){ref-type="video"}), in line with a previous report on CT26 colon carcinoma cells ([@bib29]). Cells within the spheroids can proliferate after being embedded in the collagen matrix ([Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}). This may lead to spheroid growth and induce a compression of the surrounding matrix (and thus an outward-directed deformation field). However, in none of the spheroids or cell types investigated in this work have we observed such outward-directed matrix deformations.

![Spheroid formation and collagen contractility assay.\
(**a**) Spheroid generation process within non-adhesive U-shaped wells. (**b**) Spheroid embedding process in collagen gels. The spheroids are suspended in a collagen solution and subsequently pipetted onto a pre-poured layer of collagen (indicated by the dashed line). (**c**) Exemplary brightfield image of the equatorial plane of a U87 spheroid containing 7,500 cells. The inset shows the edge of the tumor spheroid and the micron-sized fiducial markers (arrows) that are added to the collagen solution. (**d-g**) Deformation field obtained by particle image velocimetry, 3 h, 6 h, 9 h and 12 h after the collagen gel has polymerized. The spheroid outline is determined by image segmentation and indicated by the red line.](elife-51912-fig1){#fig1}

###### Local matrix deformations around a Luminal B breast cancer spheroid.

Left: Series of confocal reflection microscopy images of collagen fibers at the equatorial plane around a Luminal B breast cancer spheroid embedded in 1.2 mg/ml collagen gel. Time is indicated on the top left and measures time after initiation of collagen polymerization (by increasing the pH of the collagen solution to 10). The video starts once collagen fibers are becoming visible in the reflection channel (∼30 min after initiation of polymerization). The default starting point of a traction force experiment is 60 min after polymerization started. Right: Measured deformation field surrounding the embedded spheroid as indicated by the color-coded arrows. The confocal reflection microscopy images are shown in gray-scale in the background. See [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"} for a quantitative evaluation of this image series.

###### Time-lapse brightfield images of an A172 glioblastoma spheroid generated from 15,000 cells embedded in a collagen gel over the time course of 12 h.

Time is indicated in the upper-left corner (HH:MM:SS).

###### Time-lapse brightfield images of an U87 glioblastoma spheroid generated from 7,500 cells embedded in a collagen gel over the time course of 12 h.

Time is indicated in the upper-left corner (HH:MM:SS).

###### Time-lapse brightfield images of a spheroid generated from 4000 primary triple-negative breast cancer cells embedded in a collagen gel over the time course of 24 h.

Time is indicated in the upper-left corner (HH:MM:SS).

Scale-invariant relation between deformation and contractility {#s2-2}
--------------------------------------------------------------

To relate the measured deformation field surrounding a spheroid to physical forces generated by the cells, we use the finite element approach described in [@bib41]. Specifically, we simulate a small spherical inclusion with a negative hydrostatic pressure (that emulates contracting cells within the inclusion) within a large surrounding volume of collagen ([Figure 2a,b](#fig2){ref-type="fig"}). This computational analysis predicts that the absolute deformations of the collagen $u{(r)}$ are largest directly at the boundary of the inclusion and fall off with increasing distance $r$ from the center, depending on the pressure ([Figure 2b](#fig2){ref-type="fig"}). For a given pressure, the absolute deformations increase with the radius $r_{0}$ of the inclusion. Importantly, when normalized by the radius of the inclusion $r_{0}$, the deformations $u/r_{0}$ collapse onto a single curve when plotted against the normalized distance $r/r_{0}$ ([Figure 2c](#fig2){ref-type="fig"}). This implies that the shape of the simulated deformation field only depends on the pressure but not on the size of the inclusion (i.e. on the spheroid radius $r_{0}$ at the time of seeding).

![Simulation of a spherical inclusion in collagen.\
(**a**) Illustration of the tetrahedral mesh used for the material simulation. The spherical volume has a radius of 2 cm, with a spherical inclusion in the center. (**b**) Enlarged section of the tetrahedral mesh around the spherical inclusion with a radius of $r_{0}$ = 100 µm. c: Simulated absolute deformations $u{(\overset{\rightarrow}{r})}$ as a function of the distance $r = {|\overset{\rightarrow}{r}|}$ from the center of the volume, for an inward-directed pressure of 100 Pa acting on the surface of the inclusion. Different colors indicate different radii $r_{0}$ of the spherical inclusion. d: Same as in (**c**), but with deformations and distances normalized by $r_{0}$. For a given inbound pressure, all curves collapse onto a single relationship.](elife-51912-fig2){#fig2}

Deformation fields in non-linear biopolymer networks {#s2-3}
----------------------------------------------------

The collapse of the normalized deformation versus distance relationship furthermore implies that we can estimate the contractile pressure (contractile force per surface area) of a tumor spheroid of arbitrary size from a look-up table. To create this look-up table, we perform 150 simulations with pressures ranging from 0.1 Pa to 10,000 Pa. The simulated deformation fields are normalized by $r_{0}$, binned and interpolated to obtain smooth deformation curves ([Figure 3b](#fig3){ref-type="fig"}). For a low pressure of ∼1 Pa, the deformation field as a function of radial distance from the spheroid center falls off with increasing distance according to a power law with an exponent (=slope in a double logarithmic plot) of $\alpha = {- 2}$, as expected for a linear elastic material. With increasing pressure, however, the deformations near the spheroid surface fall off more slowly, with a slope approaching values around $\alpha = {- 0.2}$ for high pressure values \> 1000 Pa ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}), indicating long-range force transmission due to a stiffening of the collagen fibers. This is in line with reported theoretical models ([@bib48]; [@bib18] and experimental findings ([@bib2]; [@bib21]).

To evaluate whether measured deformation fields match the predictions from simulation for different strains, we compare simulated and measured matrix deformations around a spheroid grown from 4000 primary triple-negative breast cancer cells over the course of 24 hr after embedding. To avoid tracking artifacts due to invading cells in the direct vicinity of the spheroid, we only use deformations that occur more than two radii away from the spheroid center. We find that triple-negative breast cancer cells deform the collagen matrix by ∼200 µm (corresponding to a strain of over 50%; [Video 4](#video4){ref-type="video"}) near the spheroid surface after 24 hr of measurement time, resulting in a contractile pressure of 677 ± 68 Pa (median ± st.dev.) and a total contractility (pressure × surface area) of 344 ± 35 µN (median ± st.dev.; [Figure 3a,b](#fig3){ref-type="fig"}). At these high strains, collagen may experience plastic deformations and structural changes in addition to purely elastic deformations ([@bib26]). Even though our material model only accounts for elastic deformations, we find excellent agreement between measured and simulated deformation fields ([Figure 3b](#fig3){ref-type="fig"}). Importantly, the simulations accurately capture the progressing flattening of the deformation field (deformation versus distance curves) due to strain stiffening of the matrix, which can exceed a 20-fold increase over the linear stiffness of collagen close to the surface of triple-negative breast cancer spheroids ([Video 5](#video5){ref-type="video"}).

![Deformation fields in non-linear biopolymer networks.\
(**a**) Brightfield image of a tumor spheroid grown from 4000 primary, triple-negative breast cancer cells, 24 hr after embedding in a 3D collagen gel together with fiducial markers. The initial shape of the spheroid at the beginning of the experiment is indicated by the red shading. Red circles show the trajectory of exemplary fiducial markers over the course of 24 hr measurement time to illustrate the material strain arising within the matrix due to the contractile force of the spheroid. b: Normalized deformations as a function of the normalized distance for material simulations of varying pressure (color coding). Each red marker corresponds to the normalized deformation within an individual image tile analyzed with particle image velocimetry, after 24 hr measurement time. White circles indicate averaged normalized deformations for different time points during the measurement (times and inferred pressure values are noted below each curve). Dashed black lines indicate the corresponding best-fit simulated deformation field.](elife-51912-fig3){#fig3}

###### Local matrix stiffness in the vicinity of a triple-negative breast cancer spheroid.

Left: Time-lapse brightfield images of a spheroid generated from 4000 primary triple-negative breast cancer cells embedded in a collagen gel over the time course of 24 h. Time is indicated in the upper-left corner (HH:MM:SS). Right: Local stiffness map of the collagen matrix surrounding the spheroid. Stiffness is displayed on a logarithmic scale and calculated in radial direction relative to the spheroid center. At zero strain, the 1.2 mg/ml collagen gel has a stiffness of 316 Pa. After 24 h measurement time, the maximum local stiffness is 7585 Pa.

Far-field approximation for non-spherical objects {#s2-4}
-------------------------------------------------

While spheroids are typically created from only one or two cell types, real tumors are more heterogeneous and contain tumor-generated matrix components as well as a mixture of epithelial and mesenchymal tumor cells that may split into subpopulations with different gene expression levels and gene mutations ([@bib39]). To investigate the interplay of different cell types and matrix components, we extract and isolate small samples from a patient-derived tumor and embed them in a collagen matrix. Due to the preparation process and their inherent heterogeneity, however, these tumoroids generally do not attain a high circularity in culture, but rather have a more elliptical, sometimes irregular shape.

To test whether our method is applicable to non-spherical contracting tissue samples, we apply the collagen contractility assay to tumoroids obtained from a Luminal B breast cancer patient ([Figure 4a--c](#fig4){ref-type="fig"}). We find that the tumoroids remain viable within the collagen gel for over 24 h and generate a median contractility of 24.5 µN (with a median effective radius of 149 µm; n = 14; [Video 6](#video6){ref-type="video"}). We find that for highly elongated tumoroids ([Figure 4a](#fig4){ref-type="fig"}), the material simulations overestimate the matrix deformations in the near-field (${r/r_{0}} \lesssim 4$), due to the oversimplified assumption of spherical geometry ([Figure 4d](#fig4){ref-type="fig"}). This may result in local deviations of the inferred pressure of up to 20% close to the spheroid ([Figure 4g](#fig4){ref-type="fig"}). Importantly, however, the simulated far-field deformations are still in good agreement with the measured deformations, irrespective of the pronounced eccentricity of the tumoroid ([Figure 4d,g](#fig4){ref-type="fig"}). For small tumoroids that only exert small absolute displacements in the matrix ([Figure 4b](#fig4){ref-type="fig"}), we sporadically find local deviations in the inferred pressure of up to 20% at the outer rim of the field of view where the matrix deformations approach the resolution limit of the PIV algorithm ([Figure 4e,h](#fig4){ref-type="fig"}). Such outliers however do not significantly influence the inferred median pressure that takes into account the complete displacement field. For larger tumoroids with a more circular shape ([Figure 4c](#fig4){ref-type="fig"}), the local deviations from the inferred pressure are generally $\lesssim {5\%}$.

![Collective contractility of Luminal B breast tumoroids.\
(**a-c**) Brightfield images of three exemplary tumoroids embedded in a 3D collagen matrix, together with fiducial markers. (**d-f**) Normalized averaged measured matrix deformations (white circles) of the corresponding tumoroids (**a--c**) for three time points (1 h, 6 h, and 24 h) after the beginning of the experiment. The dashed lines indicate the corresponding best-fit deformation field from the material simulations. The color-coded background indicates simulated deformations for a range of pressures. g-i: Local relative deviation of the inferred pressure from the best-fit pressure value. Larger values indicate that the measured displacement field deviates stronger from the simulated displacement field.](elife-51912-fig4){#fig4}

###### Time-lapse brightfield images of a Luminal B tumoroid embedded in a collagen gel over the time course of 24 h.

Time is indicated in the upper-left corner (HH:MM:SS).

As highly asymmetric tumoroids (and some spheroids) create asymmetric deformation fields in the surrounding matrix (and thereby an asymmetric stiffening of the matrix; [Video 7](#video7){ref-type="video"}), we further evaluate the directional contractile pressure by subdividing the deformation field around spheroids and tumoroids into narrow 5° angular segments. We find that the directional variability of the contractile pressure is equal to or smaller than the variability between individual tumoroids or spheroids ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}, [Videos 8](#video8){ref-type="video"}, [9](#video9){ref-type="video"}, [10](#video10){ref-type="video"}, [11](#video11){ref-type="video"}). Thus, our method is applicable to non-spherical samples if we only consider the far-field deformations for force reconstruction.

###### Local matrix stiffness in the vicinity of a triple-negative breast cancer spheroid.

Left: Time-lapse brightfield images of a Luminal B tumoroid embedded in a collagen gel over the time course of 24 h. Time is indicated in the upper-left corner (HH:MM:SS). Right: Local stiffness map of the collagen matrix surrounding the tumoroid. Stiffness is displayed on a linear scale and calculated in radial direction relative to the spheroid center. At zero strain, the 1.2 mg/ml collagen gel has a stiffness of 316 Pa. After 24 h measurement time, the maximum local stiffness is 516 Pa.

###### Angular contractile pressure of a glioblastoma spheroid.

Left: Angular dependence of contractile pressure of the glioblastoma spheroid shown in [Figure 1 d--g](#fig1){ref-type="fig"}. Each point represents the reconstructed contractile pressure from a 5°-segment of the deformation field surrounding the spheroid. The coefficient of variation is defined as mean/st.dev. and denotes the variation of the reconstructed contractile pressure between different directions. Right: Time-lapse images of the equatorial plane of the spheroid. Matrix deformations are shown as arrows, the initial spheroid outline is indicated in red. Images are synchronized to the pressure values shown on the left.

###### Angular contractile pressure of a Luminal B breast cancer spheroid.

Left: Angular dependence of contractile pressure of an exemplary Luminal B breast cancer spheroid. Each point represents the reconstructed contractile pressure from a 5°-segment of the deformation field surrounding the spheroid. The coefficient of variation is defined as mean/st.dev. and denotes the variation of the reconstructed contractile pressure between different directions. Right: Time-lapse images of the equatorial plane of the spheroid. Matrix deformations are shown as arrows, the initial spheroid outline is indicated in red. Images are synchronized to the pressure values shown on the left.

###### Angular contractile pressure of a Luminal B tumoroid.

Left: Angular dependence of contractile pressure of an exemplary Luminal B tumoroid. Each point represents the reconstructed contractile pressure from a 5°-segment of the deformation field surrounding the tumoroid. The coefficient of variation is defined as mean/st.dev. and denotes the variation of the reconstructed contractile pressure between different directions. Right: Time-lapse images of the equatorial plane of the tumoroid. Matrix deformations are shown as arrows, the initial spheroid outline is indicated in red. Images are synchronized to the pressure values shown on the left.

###### Angular dependence of contractile pressure of Luminal B breast cancer spheroids (top row) and tumoroids (bottom row) over the course of 22 h.

Each point represents the reconstructed contractile pressure from a 5°-segment of the deformation field surrounding the spheroid/tumoroid.

Mechanical feedback guides collective force generation {#s2-5}
------------------------------------------------------

We next apply the collagen contractility assay to two glioblastoma cell lines, A172 (15,000 cells per spheroid) and U87 (7,500 cells per spheroid, to match the size of A172 spheroids; [Figure 5---figure supplements 1](#fig5s1){ref-type="fig"} and [2](#fig5s2){ref-type="fig"}) as little is known about the traction forces exerted by glioblastoma cells during the invasion of brain tissue. Although collagen is present in only small amounts in the normal human brain, glioblastoma cells readily bind to collagen ([@bib37]). Recent studies have shown that fibrillar collagens are an integral part of the locally produced extracellular matrix in glioblastomas ([@bib23]; [@bib38]). Furthermore, collagen is found in the basement membrane surrounding blood vessels, which are a major route of glioblastoma invasion ([@bib37]; [@bib9]). Reconstituted collagen gels display a Young's modulus of 162 ± 25 Pa ([@bib41]) in the linear regime, closely emulating the soft environment of the brain tissue (100--1000 Pa [@bib32]).

To investigate the role of collective effects in cellular force generation, we compare the contractility exerted by individual glioblastoma cells to the contractility of tumor spheroids generated from the respective cell lines. We apply single-cell 3D traction force microscopy as described in [@bib41]. Specifially, we reconstruct the forces exerted by the cells on the collagen gel from the surrounding deformation field ([Figure 5a,b](#fig5){ref-type="fig"}). By summing up all force components that point toward the force epicenter, we obtain the total contractility. We find that individual A172 cells are nearly 2-fold stronger compared to U87 cells (91 nN vs. 51 nN; [Figure 5c](#fig5){ref-type="fig"}).

![Individual and collective contractility of glioblastoma cells.\
(**a**) Matrix deformations exerted by an exemplary A172 cell (inset) embedded in a 3D collagen gel. (**b**) Reconstructed force density field surrounding the A172 cell shown in (**a**). (**c**) Median cell contractility as measured by single-cell 3D traction force microscopy (A172: n = 90; U87: n = 86). (**d**) Mean collective cell contractility of tumor spheroids after 30 min measurement time (A172: n = 17; U87: n = 13). e: Mean collective cell contractility of tumor spheroids after 12 h measurement time (A172: n = 17; U87: n = 13). f: Time course of the mean contractility and corresponding standard error (shaded) for A172 (blue) and U87 (green) spheroids. The 2 h-resting period of the A172 spheroids is marked in red. Error bars denote 1 standard error.](elife-51912-fig5){#fig5}

In the case of spheroids generated from A172 and U87 cells, we find that the collective contractility observed at an early time point (30 min after the beginning of the measurements) closely reflects the differences seen at an individual cell level: A172 spheroids are nearly 2-fold stronger compared to equally sized U87 spheroids (21 µN vs. 11 µN; [Figure 5d](#fig5){ref-type="fig"}). During these initial time steps, the induced strains on the collagen matrix are still small, and hence there is no global stiffening of the material which could feed back to cell behavior. By contrast, after 12 h, A172 spheroids and U87 spheroids generate comparable collective contractilities of 140 µN and 149 µN, respectively ([Figure 5e](#fig5){ref-type="fig"}). While U87 spheroids keep increasing their contractility over the complete 12 h observation period, A172 spheroids show a 2 h-resting period of after a fast initial increase in contractility ([Figure 5f](#fig5){ref-type="fig"}, [Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}). Such a collective resting period requires a synchronized change in cellular force generation across the whole cell population. A likely mediator for this cell-cell coupling is the collagen matrix: as the cells pull on the matrix, collagen exhibits strain stiffening. This change in material stiffness then provides a mechanical feedback to the cells and may thus alter cell behavior at the population level ([@bib33]). This example illustrates that collective contractility is not necessarily related to the respective traction forces of individual cells, especially over longer time scales.

Collective twitching in tumor spheroids {#s2-6}
---------------------------------------

In a previous study ([@bib41]), we have shown that the contractility of individual breast carcinoma cells varies significantly over time, with alternating phases of low and high contractility that last for 50 min on average and that correlate with the migration process of these cells. By contrast, the data reported above demonstrate that spheroids generated from primary triple-negative breast cancer cells, U87 and A172 glioblastoma cells, and Luminal B breast tumoroids all increase their contractility monotonically over time. However, spheroids made from primary Luminal B breast cancer cells show a different behavior: after 2 h of measurement time, these spheroids begin to show repeated twitches ([Figure 6a](#fig6){ref-type="fig"}, [Video 12](#video12){ref-type="video"}) during which the spheroid relaxes the matrix and subsequently contracts again. These contractile twitches are synchronized across the whole spheroid and thus lead to isotropic, radially symmetric inward-outward movements of the surrounding matrix ([Figure 6b,c](#fig6){ref-type="fig"}). An individual twitch is completed after 20 min ([Figure 6a](#fig6){ref-type="fig"} inset), indicating a fast-moving signal as a mediator of the effect. The amplitude of individual twitches is in between 2--20 µN around a total contractility of 200--400 µN, demonstrating the ability of our method to measure dynamic force fluctuations with relative changes as small as 1%.

![Collective pulsing in Luminal B breast cancer spheroids.\
(**a**) Median contractility (blue line) and the corresponding standard deviation (blue shading) of an exemplary spheroid grown from 4000 primary Luminal B breast cancer cells. The red box marks the contractility values displayed in the inset, illustrating a single twitch starting at 15:35 hr after the beginning of the measurement. (**b**) Changes in matrix deformations during the contraction phase of a single twitch that lasts for 15 min and is marked in green in (**a**). Inward-directed arrows indicate increasing contractility. The spheroid outline and its centroid are marked in red. (**c**) Changes in matrix deformations during the relaxation phase of a single twitch that lasts for 5 min and is marked in red in (**a**). Outward-directed arrows indicate decreasing contractility.](elife-51912-fig6){#fig6}

###### Time-lapse brightfield images of a spheroid generated from 4000 primary Luminal B breast cancer cells embedded in a collagen gel over the time course of 24 h.

Time is indicated in the upper-left corner (HH:MM:SS).

Discussion {#s3}
==========

In this study, we develop, test and apply a contractility assay for quantifying the collective force generation process in tumor spheroids containing hundreds or thousands of cells. Because the assay takes the pronounced strain stiffening of a collagen matrix into consideration, simulated and measured deformation fields in the collagen matrix surrounding a spheroid show good agreement even for large contractile forces with strains of \>50% at the spheroid surface. While our method relies on the assumption of a spherical sample geometry, it remains accurate in the far field (\>3--4 sample radii) for elliptical or irregularly shaped tumoroids.

For A172 and U87 glioblastoma cells, we find that the collective forces are proportional to the contractility of individual cells during the initial contraction phase (≤ 1 h), but not on longer time scales. In particular, the large strains induced by the spheroids significantly alter the mechanical environment of the invading cells due to strain stiffening and fiber alignment, and thus affect cellular force generation at a collective level and potentially induce enhanced invasion into the surrounding tissue.

Finally, we report collective twitching of spheroids generated from primary Luminal B cells. While the origin of this effect remains unknown, it demonstrates that these cells are able to synchronize their force generation across an entire spheroid containing several thousands of cells. We note that twitching starts only after the spheroid has already generated appreciable matrix deformations approximately 12 h after the beginning of the measurements, corresponding to a contractility of 200 µN or larger. As cell-matrix interactions and the process of tissue remodelling are increasingly recognized as therapeutic targets ([@bib8]), our method provides a reliable and simple in vitro assay to quantify the mechanics behind collective effects in cancer invasion that cannot be measured on a single-cell level.

Materials and methods {#s4}
=====================

Primary breast tumoroid and primary cell line isolation {#s4-1}
-------------------------------------------------------

Human tissue collection was approved by the Ethics Committee of the Friedrich-Alexander University Erlangen-Nürnberg, Germany (\#99_15Bc) in accordance with the World Medical Association Declaration of Helsinki. Informed consent was obtained from all patients.

The Luminal B tumor was obtained from a patient with Luminal B lymph node positive breast cancer (20% Ki67 positive, hormone receptor positive, but Her2 receptor negative) and no prior chemotherapy. The Triple Negative tumor was obtained from a breast cancer patient (70% Ki67 positive, estrogen receptor, progesterone receptor and Her2 receptor negative; and no prior chemotherapy; [@bib47]).

Isolation of primary breast tumoroids and primary cell lines are performed as described in [@bib47]. In brief, all breast tumors are examined by a pathologist, the tumor cores identified, dissected, washed 4x with 1x PBS and then incubated with 1x PBS, penicillin and streptomycin for 1 hr at room temperature. Following tissue mincing and an overnight digestion with collagenase/hyaluronidase (Stem Cell Technologies) in basal culture media, the cell lysate is diluted 1:1 with 1x PBS and centrifuged at 88 g for 30 sec at room temperature. The pellet fraction contains tumoroids, which are either purified further into a single fraction or further fractionated into either epithelial or cancer mesenchymal cells ([@bib47]). All primary cell lines used in this present study are breast cancer mesenchymal cells. To obtain a purified fraction of tumoroids, the initial pellet is resuspended into 5 ml of 1x PBS then processed 5x with a 1.00 × 60 mm sterile needle, diluted 10x with 1x PBS and filtered through 100 µm nylon filters (10 ml per filter; Falcon) and then washed 2x to separate fibrotic tissue. The final tumoroid size ranges from 200 to 600 µm in diameter.

Primary breast tumoroids and primary breast cell line culture {#s4-2}
-------------------------------------------------------------

Directly following isolation, tumoroids are cultured for 4 days in Epicult basal media and Supplement C (Stem Cell Technologies; Epicult-C human media kit), and L-Glutamine on top of 2% soft agarose beds in 2 cm^2^ culture dishes. This incubation period promotes tumoroid recovery following the isolation procedure from primary tissue. Established primary breast cancer mesenchymal cells are isolated from two Luminal B (LUB1, LUB25) and a Triple negative (TRIDUC1 [@bib47]) breast cancer and cultured in Epicult basal media with Supplement C (Stem Cell Technologies, Epicult-C human media kit), L-Glutamine, 10% FCS and then initiated into spheroid formation at an early cell passage number of 3--4.

Glioblastoma cell line culture {#s4-3}
------------------------------

A172 and U-87 MG (referred to as U87 in the main text) glioblastoma cell lines are cultured at 37°C, 95% humidity and 5% CO~2~ in DMEM (high glucose, pyruvate) with 10% (volume/volume) fetal bovine serum, and 100 Units/ml penicillin/streptomycin (all Thermo Fisher Scientific). Cell lines are short tandem repeat (STR) profiled to confirm identity (CellBank Australia) and are confirmed negative for mycoplasma contamination with Venor GeM Classic detection kit (Minerva biolabs).

Spheroid culture {#s4-4}
----------------

Glioblastoma spheroids are created from low-adherent, concave-bottomed surfaces in 96-well dishes ([@bib14]). 50 µl of a heated 1.5% (weight/volume) agarose (Thermo Fisher Scientific)/DMEM gel solution is pipetted into the wells of a 96-well dish. Following a 10--15 min interval, the solution cools and forms a non-adherent, concave surface. Subsequently, cells are detached from their tissue culture flasks with 0.05% trypsin solution, counted (15,000 cells per dish for A172 cells and 7,500 cells per dish for U87 cells) and pipetted into wells containing 100 µl cell culture medium. The agarose surface promotes formation of a single spheroid per well. Spheroids take 3 days to fully form while being incubated at standard TC conditions.

Primary breast cancer spheroids are created from cell-repellent, U-bottom, 96-well dishes (Greiner). Cells are detached from their tissue culture flasks with 0.05% trypsin solution, counted (4,000 cells per dish for LUB1, LUB25 and TRIDUC1 cells) and pipetted into wells containing 100 µl cell culture medium. Spheroids take 2 days to fully form while being incubated at standard TC conditions.

Collagen synthesis {#s4-5}
------------------

Collagen gels are synthesized as described in [@bib41] and consist of a 1:1 mixture of rat tail collagen (Collagen R, 2 mg/ml, Matrix Bioscience, Berlin, Germany) and bovine skin collagen (Collagen G, 4 mg/ml, Matrix Bioscience), plus 10% (vol/vol) NaHCO~3~ (23 mg/ml) and 10% (vol/vol) 10 × DMEM (Gibco). The pH of the solution is adjusted to 10 with 1 M NaOH. For a collagen concentration of 1.2 mg/ml, the solution is diluted with a mixture of 1 vol part NaHCO~3~, 1 part 10 × DMEM and 8 parts H~2~O, at a ratio of 1:1.

Glioblastoma spheroid embedding {#s4-6}
-------------------------------

FluoSphere polystyrene beads (1 µm diameter, Thermo Fisher Scientific) are carefully suspended, without forming bubbles, in 1.2 mg/ml collagen solution at a concentration of 2·10^8^ beads/ml. 1.5 ml of this mixture is poured into a 35 mm plastic culture dish and is allowed to settle for 2.5 min at room temperature, during which time the spheroids are prepared for embedding. The 2.5 min waiting time is too short for a full polymerization of the collagen solution but is sufficient to ensure that spheroids do not sink to the base of the dish.

After the preparation of the bottom collagen layer, 4 to 5 individual spheroids are removed from their culture plate wells and carefully transferred into a 15 ml centrifuge tube using a P1000 pipette. Once the spheroids have settled to the base of the tube, excess media is aspirated away and spheroids are gently resuspended in 500 µl of the 1.2 mg/ml collagen/bead mixture. The mixture, complete with suspended spheroids, is then transferred from the tube into the 35 mm dish using a P1000 pipette. By pipetting the collagen into the dish drop-by-drop, the positioning of the spheroids within the gel can be controlled. Spheroids are kept separate from each other and away from culture dish margins or air bubbles. After spheroid seeding, the gel is incubated at 37 °C and 5% CO~2~ for 1 h to fully polymerize. 1.5 ml of pre-warmed cell media is added to the dish, and imaging is started.

Primary breast cancer spheroid and tumoroid embedding {#s4-7}
-----------------------------------------------------

Silica beads (4 µm diameter, Kisker Biotech) are carefully suspended, without forming bubbles, in 1.2 mg/ml collagen solution at a concentration of 2·10^8^ beads/ml. 1300 µl of this mixture is poured into one well of a 6-well plate and is allowed to settle for 10 min in the incubator, during which time the spheroids are prepared for embedding. The 10 min waiting time results in a partially polymerized collagen surface and thus ensures that spheroids/tumoroids do not sink to the base of the dish.

After the preparation of the bottom collagen layer, up to 10 individual spheroids/tumoroids are removed from their culture plate wells and carefully transferred into a 15 ml centrifuge tube using a P200 pipette. Once the spheroids/tumoroids have settled to the base of the tube, excess media is aspirated away and spheroids/tumoroids are resuspended in 1300 µl of the 1.2 mg/ml collagen/bead mixture. The mixture, complete with suspended spheroids/tumoroids, is then transferred from the tube into the well using a P1000 pipette. After spheroid seeding, the gel is incubated at 37 °C and 5% CO~2~ for 1 h to fully polymerize. 2 ml of pre-warmed cell media is added to the well, and imaging is started.

Time-lapse imaging {#s4-8}
------------------

The equatorial plane of the embedded glioblastoma spheroids is imaged in brightfield mode with a 5x magnification 0.1 NA objective and a CCD camera (corresponding to a pixel size of 1.29 µm) for at least 12 h, with a time interval of 5 min between consecutive images. Samples are kept in a stage-mounted incubation chamber (37 °C, 5% CO~2~) during time-lapse imaging. Typically, 3--7 spheroids are imaged in parallel (contained in one dish). In total, we imaged 17 A172 spheroids with 15,000 cells, 14 U87 spheroids with 15,000 cells, and 13 U87 spheroids with 7,500 cells (at least three independent experiments per condition; [Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}).

Primary breast cancer spheroids and tumoroids are imaged using a 4x magnification 0.13 NA objective and a CCD camera (corresponding to a pixel size of 1.02 µm) for 24 h, with a time interval of 10 min between consecutive images (except for the measurement of the pulsing Luminal B spheroid shown in [Figure 6](#fig6){ref-type="fig"}, which was recorded at a time interval of 1 min). Samples are imaged at 37 °C and 5% CO~2~ using a microscope placed inside an incubator. We performed measurements on three primary triple-negative breast cancer spheroids on the same day. From those three measurements, one exemplary data set is shown in [Figure 3](#fig3){ref-type="fig"}. We performed measurements on five primary Luminal B breast cancer spheroids (LUB25) on the same day. These data sets are shown in the Supplementary Information. We performed measurements on five primary Luminal B breast cancer spheroids (LUB1) on the same day. From those five measurements, one exemplary data set is shown in [Figure 6](#fig6){ref-type="fig"}. We performed measurements on 14 tumoroids from the same patient on the same day. From those 14 measurements, exemplary data sets from three tumoroids are shown in [Figure 4](#fig4){ref-type="fig"}.

Material simulations {#s4-9}
--------------------

We use the semi-affine material model described in [@bib41] to simulate the non-linear behavior of collagen. In particular, collagen gels exhibit three different mechanical regimes, depending on the applied strain. Individual fibers buckle easily under compression (with exponentially suppressed stiffness) and only attain a constant stiffness for small strains, while they exponentially stiffen under large strains:$$\kappa(\varepsilon) = \kappa_{0} \cdot \left\{ \begin{matrix}
e^{\varepsilon/d_{0}} & {\text{for}\,\varepsilon < 0\,} & \text{buckling} \\
1 & {\text{for}\, 0 < \varepsilon < \varepsilon_{s}\,} & {\text{linear}\,\,\,\text{regime}} \\
e^{(\varepsilon - \varepsilon_{s})/d_{s}} & {\text{for}\,\varepsilon_{s} < \varepsilon\,} & {\text{strain}\,\,\,\text{stiffening}} \\
\end{matrix} \right.$$where $\kappa_{0}$ denotes the linear stiffness, $d_{0}$ and $d_{s}$ describe the rate of stiffness variation during buckling and stiffening, respectively, and $\varepsilon_{s}$ denotes the onset of strain stiffening.

These four parameters can be characterized by shear rheometry and by measuring the vertical contraction of a collagen gel under uniaxial stretch. More specifically, the experimentally obtained stress-strain curve from shear rheometry and the contraction-stretch curve from the uniaxial stretch-experiment are fitted to the semi-affine material model described above. The open-source software saenopy provides ready-to-use fitting routines for this purpose, see [https://saenopy.readthedocs.io/](https://saenopy.readthedocs.io).

In this study, we use the material parameters determined in [@bib41], for a 1.2 mg/ml collagen solution based on a 1:1 mixture of rat tail collagen and bovine skin collagen:$$\kappa_{0} = 1645\,\text{Pa},\,\varepsilon_{s} = 0.0075,\, d_{s} = 0.033,\, d_{0} = 0.0008$$

Note that for different collagen concentrations, only the linear stiffness needs to be adjusted (0.6 mg/ml: $\kappa_{0} = {447\text{Pa}}$, 2.4 mg/ml: $\kappa_{0} = {5208\text{Pa}}$), whereas $d_{0}$, $d_{s}$, $\varepsilon_{s}$ remain constant.

Deformations in the collagen matrix in response to inward-directed tractions at the spheroid surface are computed using a finite element approach ([@bib41]). In brief, the material volume is divided into finite tetrahedral elements, each of which is assumed to contain a number of isotropically oriented fibers. When such a tetrahedron is deformed, the internal stress is first calculated by taking into account the different deformations of the contained fibers, and subsequently averaged over the faces of the tetrahedron and thus propagated to neighboring elements.

Here, we simulate a spherical bulk of material (with an outer radius of 2 cm) with a small spherical inclusion in its center (with a radius of 100 µm). The finite element mesh for this geometry is created using the open-source software Gmsh ([@bib17]). To emulate the contractile behavior of a spheroid, we assume a constant inbound pressure on the surface of the spherical inclusion and further assume zero deformations on the outer boundary of the bulk. Given these boundary conditions, we use the Python-port of the open-source Semi-Affine Elastic Network Optimizer ([@bib41]) (saenopy) to obtain the corresponding deformation field.

Particle image velocimetry {#s4-10}
--------------------------

Given a series of images through the equatorial plane of the spheroid, we apply the open-source PIV software (OpenPIV [@bib44]) to each pair of subsequent images. The software subdivides the image recorded at time $t$ into $N$ quadratic tiles (using a tile-size of 40 × 40 pixels for the glioblastoma spheroids and 50×50 pixels for primary breast cancer spheroids and tumoroids) at positions ${\overset{\rightarrow}{x}}^{(i)}$ with $i = {1,2,\ldots,N}$ and performs a cross-correlation-based template-matching to determine the most likely offset $\Delta{\overset{\rightarrow}{u}}_{t}^{(i)}$ of all tiles with respect to the previous image. These offsets represent the deformation of the material within the time interval between two subsequent images. To account for a drift of the microscope stage between two images, we subtract the mean value$${\overset{\rightarrow}{\mu}}_{t} = {\frac{1}{N}{\sum\limits_{i = 1}^{N}{\Delta{\overset{\rightarrow}{u}}_{t}^{(i)}}}}$$from all offsets for a given time step. To obtain the accumulated deformation ${\overset{\rightarrow}{u}}_{t}^{(i)}$ at position ${\overset{\rightarrow}{x}}^{(i)}$ and time step $t$, we sum up the pair-wise deformation fields of all time steps $t^{\prime} \leq t$:$${\overset{\rightarrow}{u}}_{t}^{(i)} = \sum\limits_{t^{\prime} = 1}^{t^{\prime} = t}\Delta{\overset{\rightarrow}{u}}_{t^{\prime}}^{(i)}\,\text{for}\, i = 1,2,...,N$$

Additionally, we determine the spheroid's centroid ${\overset{\rightarrow}{x}}_{t}^{\text{sph}}$ for all time steps and its initial radius $r_{0}$ by image segmentation (using [@bib36] method). As we are only interested in the radially aligned deformations towards the contracting spheroid, we compute the absolute deformations $u_{t}^{(i)}$ by projecting the accumulated vectorial deformations ${\overset{\rightarrow}{u}}_{t}$ in the direction towards the spheroid center, using the relative coordinates ${\overset{\rightarrow}{d}}_{t}^{(i)} = {{\overset{\rightarrow}{x}}^{(i)} - {\overset{\rightarrow}{x}}_{t}^{\text{sph}}}$:$$u_{t}^{(i)} = - \left( {{\overset{\rightarrow}{u}}_{t}^{(i)}\,.\,\frac{{\overset{\rightarrow}{d}}_{t}^{(i)}}{|{\overset{\rightarrow}{d}}_{t}^{(i)}|}} \right)\,,$$where ( . ) denotes the dot product. While we place individual spheroids as far apart as possible within the collagen matrix, other spheroids outside the field-of-view may still affect the measured deformation field, especially in the case of small deformations within the field-of-view. To minimize this systematic bias, we only consider projected deformations that point within a ±20° range towards the spheroid center, by imposing the following condition:$$\left| \frac{{\overset{\rightarrow}{u}}_{t}^{(i)}}{|{\overset{\rightarrow}{u}}_{t}^{(i)}|}.\frac{{\overset{\rightarrow}{d}}_{t}^{(i)}}{|{\overset{\rightarrow}{d}}_{t}^{(i)}|} \middle| > \cos{(20^{\circ})} \right.$$

Finally, we compute the normalized deformations $u_{t}^{(i)}/r_{0}$ and distances $d_{t}^{(i)}/r_{0}$ so that we can directly compare to experimentally measured and normalized deformation fields.

Geometrical scaling in nonlinear elastic materials {#s4-11}
--------------------------------------------------

The scale-invariance of the deformation field of a contracting spherical inclusion within a large body of non-linear elastic material (shown by simulation in [Figure 2](#fig2){ref-type="fig"} in the main text) can be derived analytically. The following derivation is discussed in more detail in [@bib40].

Given a displacement field $\overset{\rightarrow}{U}{(\overset{\rightarrow}{r})}$ of an equilibrium configuration (e.g. induced by a spheroid with a radius of 100 µm and an inbound pressure of 50 Pa), we define the re-scaled displacement field (e.g. induced by a spheroid with a radius of 200 µm and the same pressure of 50 Pa) as$${{\overset{\rightarrow}{U}}^{\ast}{(\overset{\rightarrow}{r})}} = {{a \cdot \overset{\rightarrow}{U}}{({\overset{\rightarrow}{r}/a})}}$$with $a$ being the scaling factor ($a = 2$ for the exemplary spheroid sizes noted above). To check whether the equilibrium state remains unaltered by re-scaling the displacement field in this way, we need to show that the deformation gradient $\underset{¯}{F}{(\overset{\rightarrow}{r})}$ and thus the strain energy density $W{(\overset{\rightarrow}{r})}$ as well as the nominal stress $\underset{¯}{N}{(\overset{\rightarrow}{r})}$ are not altered by the transformation (at the corresponding points $\left. \overset{\rightarrow}{r}\rightarrow{\overset{\rightarrow}{r}/a} \right.$):$${{\underset{¯}{F}}^{\ast}{(\overset{\rightarrow}{r})}} = {\frac{{\partial{\overset{\rightarrow}{U}}^{\ast}}{(\overset{\rightarrow}{r})}}{\partial\overset{\rightarrow}{r}} + \underset{¯}{I}} = {{a \cdot \frac{{\partial\overset{\rightarrow}{U}}{({\overset{\rightarrow}{r}/a})}}{\partial\overset{\rightarrow}{r}}} + \underset{¯}{I}} = {\underset{¯}{F}{({\overset{\rightarrow}{r}/a})}}$$$$\left. \longrightarrow{W^{\ast}{(\overset{\rightarrow}{r})}} = {W{({\overset{\rightarrow}{r}/a})}} \right.$$$$\longrightarrow{\underline{N}}^{\ast}(\overset{\rightarrow}{r}) = {\underline{N}}^{\ast}(\overset{\rightarrow}{r}/a)\longrightarrow\text{div}({\underline{N}}^{\ast}(\overset{\rightarrow}{r})) = \frac{1}{a} \cdot \text{div}({\underline{N}}^{\ast}(\overset{\rightarrow}{r}/a))\,,$$where $\underset{¯}{I}$ denotes the unit tensor. Consequently, the equilibrium equation is fulfilled if the body force $\overset{\rightarrow}{b}{(\overset{\rightarrow}{r})}$ is divided by the scaling factor $a$:$${{\rho_{0}{\overset{\rightarrow}{b}}^{\ast}{(\overset{\rightarrow}{r})}} + {\text{div}{({{\underset{¯}{N}}^{\ast}{(\overset{\rightarrow}{r})}})}}} = 0 = {\frac{1}{a} \cdot \left( {{\rho_{0}{\overset{\rightarrow}{b}}^{\ast}{({\overset{\rightarrow}{r}/a})}} + {\text{div}{({{\underset{¯}{N}}^{\ast}{({\overset{\rightarrow}{r}/a})}})}}} \right)}$$

We next consider an infinite continuous body with a spherical hole of radius $R$ at the origin. As a boundary condition, we assume that the spherical inclusion has decreased its radius by $\Delta R$, and we denote the displacement field $\overset{\rightarrow}{U}{(\overset{\rightarrow}{r})}$ as the equilibrium solution. The total strain energy needed for the inclusion to contract (or dilate) can be determined by integrating the strain energy density:$${E{({\Delta R})}} = {\int_{R}^{\infty}{W{(\overset{\rightarrow}{r})}d^{3}\overset{\rightarrow}{r}}}$$

If we now assume that a spherical inclusion with a radius $a \cdot R$ contracts by ${a \cdot \Delta}R$, we can use the scaling laws noted above to relate the strain energy to that of the un-scaled contracting inclusion:$$E^{\ast} = {\int_{a \cdot R}^{\infty}{W{({\overset{\rightarrow}{r}/a})}d^{3}\overset{\rightarrow}{r}}} = {a^{3} \cdot {\int_{R}^{\infty}{W{(\overset{\rightarrow}{r})}d^{3}\overset{\rightarrow}{r}}}} = {a^{3} \cdot E}$$

In equilibrium, the strain energy of the contracted inclusion depends only on $R$, $\Delta R$, and the scaling factor $a$:$${E{({a \cdot R},{{a \cdot \Delta}R})}} = {{a^{3} \cdot E}{(R,{\Delta R})}}$$

Finally, we show that the normal surface pressure $P$ induced by the contraction of the spherical inclusion only depends on the relative contraction ${\Delta R}/R$, but not on the scaling factor $a$:$${\frac{{\partial E}{(R,{\Delta R})}}{\partial{\Delta R}} \cdot \frac{1}{4\pi R^{2}}} = {\frac{\frac{{\partial E}{({a \cdot R},{{a \cdot \Delta}R})}}{a^{3}}}{\frac{\partial{({{a \cdot \Delta}R})}}{a}} \cdot \frac{1}{4\pi R^{2}}} = {\frac{{\partial E}{({a \cdot R},{{a \cdot \Delta}R})}}{\partial{({{a \cdot \Delta}R})}} \cdot \frac{1}{4\pi a^{2}R^{2}}} = {P{({{\Delta R}/R})}}$$

Given a fixed surface pressure, a simulated displacement field $\overset{\rightarrow}{U}{(\overset{\rightarrow}{r})}$ of a spherical inclusion with radius $R$ is thus directly related to the deformation field ${\overset{\rightarrow}{U}}^{\ast}{(\overset{\rightarrow}{r})}$ of a spherical inclusion with radius $R^{\ast}$ by proper re-scaling with the factor $a = R^{\ast}/R$.

Force reconstruction {#s4-12}
--------------------

To assign a contractility value to a measured deformation field, we first conduct 150 material simulations assuming an inbound pressure on the surface of the spherical inclusion ranging from 0.1 Pa to 10,000 Pa (logarithmically spaced), and interpolate between the resulting deformations fields to create a look-up function that translates any deformation/distance-tuple to a best-fit pressure value. For each measured deformation vector (projected towards the center of the spheroid), we then assign the best-fit pressure value. Finally, we take the median of all assigned pressure values at a given time step to obtain a single pressure value for an individual spheroid.

To obtain the contractility $F$ of an individual spheroid from the contractile pressure $P$, we need to account for the spheroid surface area $A$. As we only have images of the equatorial plane of the spheroid, we approximate the surface area by computing an effective radius $r$ from the top-view projected spheroid area $A_{\text{proj}}$:$$A = 4\pi r^{2}\,\text{with}\, r = \sqrt{\frac{A_{\text{~proj}}}{\pi}}$$

The projected spheroid area is determined at the beginning of the experiment by image segmentation (using [@bib36] method).

We provide the Python package jointforces that implements this force reconstruction method. The package further provides pre-computed look-up functions for different collagen gel concentrations (0.6 mg/ml, 1.2 mg/ml, 2.4 mg/ml) as well as for fibrin gel (4.0 mg/ml) and Matrigel (10 mg/ml). See <https://github.com/christophmark/jointforces>.

Local matrix stiffness {#s4-13}
----------------------

To determine the local changes in matrix stiffness (see [Videos 5](#video5){ref-type="video"} and [7](#video7){ref-type="video"}), we first determine the radial strain $\varepsilon$ of the material from the deformation field:$$\varepsilon(\overset{\rightarrow}{r}) = \frac{u(\overset{\rightarrow}{r}) - u(\overset{\rightarrow}{r} + \delta \cdot {\overset{\rightarrow}{e}}_{r}(\overset{\rightarrow}{r}))}{\delta}\,,$$where $u{(\overset{\rightarrow}{r})}$ denotes the matrix deformation at position $\overset{\rightarrow}{r}$ that is projected in the direction of the spheroid center, ${\overset{\rightarrow}{e}}_{r}{(\overset{\rightarrow}{r})}$ is the unit vector that points radially away from the spheroid center (at position $\overset{\rightarrow}{r}$), and $\delta$ is the differentiation constant. We choose $\delta$ to be of the same size as the window size used in the PIV method for determining the deformation field.

Using the semi-affine material model as defined above, we calculate the radial uniaxial stress $\sigma{(\overset{\rightarrow}{r})}$ from the determined strain $\varepsilon{(\overset{\rightarrow}{r})}$ (see <https://saenopy.readthedocs.io> for Python code examples). Finally, we evaluate the local matrix stiffness$${k{(\overset{\rightarrow}{r})}} = \frac{{\partial\sigma}{(\overset{\rightarrow}{r})}}{{\partial\varepsilon}{(\overset{\rightarrow}{r})}}$$using numerical differentiation.

Single-cell 3D traction force microscopy {#s4-14}
----------------------------------------

3D traction force microscopy is conducted as explained in [@bib7]. In brief, we pipet 1.75 ml of collagen solution into a 35 mm Petri dish and let it set for 2.5 min at room temperature. Subsequently, we add 15,000 cells in another 250 µl of collagen and add this solution on top to obtain a 2 mm-thick layer of collagen. This two-layer approach prevents cells from sinking to the bottom before the gel polymerizes. After waiting for one hour to ensure the complete polymerization of the gel, 2 ml of cell culture medium are added. An additional waiting time of at least two hours before imaging ensures that cells have properly spread into a polarized shape within the collagen gel. In each independent experiment, we image a cubic volume V=(370 µm)^3^ around up to 40 individual cells using confocal reflection microscopy (20× water dip-in objective with NA 1.0). We subsequently add cytochalasin D (20 µM), wait 30 min to ensure actin fiber depolymerization, and repeat the imaging. Based on the measured deformation fields, we obtain the cell contractility and force polarity of 90 individual A172 cells and 86 individual U87 cells from three independent experiments each.

DNA isolation and proliferation of U87 cells {#s4-15}
--------------------------------------------

To establish a standard curve for cell number quantification, the DNA of 2000, 4000, 16000, 32000 U87 cells are extracted and quantified as described below. To measure cell proliferation during the 24 h spheroid formation process, the DNA of U87 spheroids (n = 7) grown for 24 h from 7500 cells is quantified. To measure cell proliferation during 24 h of culture in collagen, U87 spheroids (n = 7) (grown for 24 h from 7500 cells) are embedded in collagen and incubated for an additional 24 h, followed by DNA extraction. To prepare collagen-embedded spheroids for DNA extraction, single spheroids are pipetted and incubated in basal DMEM media (200 µl) containing 1x collagenase/hyaluronidase (Stem Cell Technologies) for 1 hr at 37°C.

For DNA extraction and quantification, 250 µl of 1x cell lysis buffer (final concentration 20 mM Tris-HCL pH 7.4, 15 mM EDTA pH 8.0, 1 % SDS) is added to U87 cell or spheroids (or 50 µl of 4x cell lysis buffer is added to collagenase/hyaluronidase-treated collagen embedded spheroids). All samples are treated with RNAse A (50 µg/ml) for 30 min at 37°C and with Proteinase K (250 µg/ml) overnight at 37°C. The DNA is extracted with phenol/chloroform/isoamyl alcohol (Sigma), then back extracted with 100 µl TE buffer (10 mM Tris-HCL pH 7.5, 1 mM EDTA pH 8.0) and the DNA is precipitated. All DNA measurements are performed using the QuantiFluor dsDNA System kit with a Quantus Fluorometer (all Promega) according to the manufacturer's protocol.

Code availability {#s4-16}
-----------------

The traction force microscopy method introduced in this work is implemented in the Python package jointforces, which provides an interface to the meshing software Gmsh ([@bib17]) and includes particle image velocimetry functions to analyze time-lapse image data. The software is open source (under the MIT License) and is hosted on GitHub (<https://github.com/christophmark/jointforces>; [@bib1]). For material simulations and to obtain material parameters from macrorheological measurements, jointforces uses saenopy, a Python-port of the network optimizer SAENO ([@bib41]). saenopy is open source (under the MIT License) and is hosted on GitHub (<https://github.com/rgerum/saenopy>; [@bib16]). The figures in this study have been created using the Python packages ([@bib24] and [@bib15]).
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Data availability {#s7}
=================

The source code for data analysis (deformation field estimation, force measurements) have been uploaded to Github (<https://github.com/christophmark/jointforces>; copy archived at <https://github.com/elifesciences-publications/jointforces>). All experimental time-lapse imaging data of spheroids and tumoroids used in this work are publicly available in the following Dryad repository: <https://datadryad.org/stash/share/L2Sr-Wk8eMQ6jgcYi08-4G4_Z05Tv3u6yUlmBNKymG8>.
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In the interests of transparency, eLife publishes the most substantive revision requests and the accompanying author responses.

**Acceptance summary:**

In this manuscript Mark et al. described a powerful approach to extend previous work on measuring 3D traction forces in single cells in non-linear materials to multicellular tumor spheroids. Although spheroids are increasingly used for different studies, no satisfying tools existed so far to address this question in non-linear materials at this scale. Mark et al. succeed to quantify the contractility of spheroids embedded in a collagen network by combining simulations with simple bright field sectioning-free imaging. This method can now be used for other biopolymer networks.

**Decision letter after peer review:**

Thank you for submitting your article \"Collective forces of tumor spheroids in three-dimensional biopolymer networks\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a Reviewing Editor and Anna Akhmanova as the Senior Editor. The following individuals involved in review of your submission have agreed to reveal their identity: Timo Betz (Reviewer \#1); Pierre Nassoy (Reviewer \#2).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

In this manuscript Mark et al. describe a powerful approach to extend previous work on measuring 3D forces in single cells in non-linear materials to multicellular tumor spheroids. Although these systems are more and more used, no satisfying tools exist to address this question in non-linear materials at this scale. They succeed in quantifying the contractility of spheroids embedded in a collagen network by combining simulations with simple bright field sectioning-free imaging.

The reviewers and myself consider that the tools to measure the contractility of organoids or tumoroids reported here would, in principle, fill a critical need for the growing community using organoids.

Essential revisions:

1\) Nevertheless, the extension to collagen types other than that used in this study is not straightforward. To be more widely used, we suggest that the authors measure and list the parameters corresponding to the most commonly used collagen concentrations (for instance, for 0.5, 1,1.5, 2, 2.5, 3 µm/ml), polymerized at 37 degrees and at room temperature. Additionally, authors should also provide a clear workflow about how to get the relevant parameters for other, custom collagen gels.

2\) In addition, we think that the robustness of the model should be further challenged and that different questions on data analysis and on the stiffness heterogeneity in the gel should be addressed. For instance, a spherical geometry is considered whereas the spheroids and the matrix can have more complex geometries. Furthermore, while the model fits well with the data, a validation of the magnitudes of the pressures reported by the model and when they deviate from the model should be discussed.

On Figure 1G, the deformation field is not symmetric (stronger in the lower right corner), although due to force balance the forces in the different directions should be equal. A simple explanation is that the collagen stiffness is not homogeneous in the different directions. Can the authors quantify these inhomogeneities (maybe by measuring the variance in the radial deformation fields in different directions)? Could they provide a stiffness mapping of the simulated collagen matrix during the experiments? It would be very instructive to see whether a reinforcement occurs close to the periphery of the spheroid.

3\) There were some issues on the biological part of the paper. For instance, the twitching of the cells was not clearly detectable, and showing 5 different cell types with different dynamics is not very instructive if no constructive discussion is provided.

In conclusion, we thus suggest reducing the biological message and the number of cell types investigated and to rather reinforce the discussion of the model and its generalization.

10.7554/eLife.51912.sa2

Author response

> Essential revisions:
>
> 1\) Nevertheless, the extension to collagen types other than that used in this study is not straightforward. To be more widely used, we suggest that the authors measure and list the parameters corresponding to the most commonly used collagen concentrations (for instance, for 0.5, 1,1.5, 2, 2.5, 3 µm/ml), polymerized at 37 degrees and at room temperature. Additionally, authors should also provide a clear workflow about how to get the relevant parameters for other, custom collagen gels.

We agree. In the revised manuscript, we list the material parameters for three different, widely used collagen concentrations (0.6mg/ml, 1.2mg/ml, 2.4mg/ml) based on our protocol. Additionally, we provide material parameters for Fibrin and Matrigel matrices.

For scientists who wish to employ polymerization protocols or use materials that have not yet been mechanically characterized, we provide detailed descriptions and ready-to-use fitting routines to obtain the material parameters from standard rheology experiments, as part of the Python package saenopy(see https://saenopy.readthedocs.io). The parameters obtained from these fitting routines can be directly inserted into the force reconstruction algorithm provided by this work. We refer to these new tools in the revised Materials and methods section.

> 2\) In addition, we think that the robustness of the model should be further challenged and that different questions on data analysis and on the stiffness heterogeneity in the gel should be addressed. For instance, a spherical geometry is considered whereas the spheroids and the matrix can have more complex geometries. Furthermore, while the model fits well with the data, a validation of the magnitudes of the pressures reported by the model and when they deviate from the model should be discussed.

We agree and have added Figure 4G-I where we analyze how the measured deformation field (matrix deformations versus radial distance from the center of the spheroid) deviate from the predicted deformations, in particular in the case of highly elongated tumoroids (see Figure 4A in the revised manuscript). Importantly for the robustness of our method, however, the resulting error in the pressure estimate falls below 10% if we only consider matrix deformations beyond a distance of 3-4 radii. Since in our method we compute the contractile pressure as the median of the locally inferred pressure values for distances \> 2 radii, the resulting error will remain substantially below 10%, and thus we can state with confidence that our method is highly robust even in the case of large deviations from spherical symmetry.

> On Figure 1G, the deformation field is not symmetric (stronger in the lower right corner), although due to force balance the forces in the different directions should be equal. A simple explanation is that the collagen stiffness is not homogeneous in the different directions. Can the authors quantify these inhomogeneities (maybe by measuring the variance in the radial deformation fields in different directions)? Could they provide a stiffness mapping of the simulated collagen matrix during the experiments? It would be very instructive to see whether a reinforcement occurs close to the periphery of the spheroid.

These are important points that are now addressed in the revised manuscript. The main source of directional asymmetry in the deformation field are not so much inhomogeneities in linear collagen stiffness per se but asymmetries in the local density of cells at or near the spheroid surface that engage with and pull on the collagen matrix. Because of the pronounced stress stiffening of the collagen fibers, even relatively small local force fluctuations can thus lead to large stiffness heterogeneities and hence asymmetries in the matrix deformations -- exactly as the reviewer already suspected. We followed the reviewer's suggestion and now provide stiffness maps of the simulated collagen matrix during the experiments for an exemplary spheroid and tumoroid (Videos 5, 7).

Moreover, following the reviewer's suggestion, we have quantified these heterogeneities (see Figure 4---figure supplement 1 and Videos 8-11) by subdividing the deformation field around spheroids and tumorids into narrow 5° angular segments. We then compute the contractile pressure for each segment. Despite the very large directional heterogeneity of the deformation field around the usually non-spherical tumorids, we find that the resulting directional variability (coefficient of variation, relative sd) in contractile pressure is only 0.16 on average. In the case of spheroids, the directional heterogeneity of the deformation field is of course considerably smaller, and the directional variability for 5° angular segments is only 0.07 on average. Thus, the pronounced asymmetry in the deformation field around some spheroids and most turmoids does not lead to substantial errors.

> 3\) There were some issues on the biological part of the paper. For instance, the twitching of the cells was not clearly detectable, and showing 5 different cell types with different dynamics is not very instructive if no constructive discussion is provided.
>
> In conclusion, we thus suggest to reduce the biological message and the number of cell types investigated and to rather reinforce the discussion of the model and its generalization.

We now provide data recorded at 1 min intervals for which the twitching is much more clearly detectable (see revised Figure 6). We agree with the reviewer that the biological part is not the main strength and focus of this "tools and resources" study. The reason why we measure spheroids from different cell types is to show that our method can handle a large range of maximum contractile forces and a large variety of force build-up dynamics. We also compare single cell forces with collective forces. Moreover, the editor asked us to demonstrate that our method is generally applicable for spheroids from different cell types (and not just for glioblastoma spheroids as in our initial submission).

[^1]: These authors contributed equally to this work.

[^2]: These authors also contributed equally to this work.
